Solutions to Maxwell's wave equation have been derived for the propagation of the fundamental (Gaussian) mode of a laser beam in a fluid electrolyte which is in contact with an active electrode. An electrochemical or photoelectrochemical reaction at the electrolyte-electrode interface is assumed to generate a concentration gradient of the product in the electrolyte, which results in an inhomogeneous refractive-index profile. The analytic solutions for the propagation of the beam explicitly demonstrate the dependence of the displacement of the intensity centroid and of the spot shape on the electrochemical parameters of the system.
Introduction
Reactions taking place at an electrode-electrolyte interface in a electrochemical or photoelectrochemical environment are of considerable fundamental and technological interest. Such reactions are pertinent to the problem of corrosion, the design of fuel cells and photoelectrochemical cells for solar energy conversion, electrochemical reactors for product synthesis, and species specific electrodes for chemical analysis. Semiconducting electrodes are an important subset of those available for these applications, and the semiconductor band-structure plays an essential role in the electrode stability, charge transfer to electrolyte species, and the interaction with incident radiation. These processes can be influenced by the chemical species present on the electrode surface and thus may be used to obtain insight into the basic charge transfer mechanisms occurring at the semiconductor-electrolyte interface with a case of particular interest being a semi- electrocatalytic surfaces that are species specific as well as for control of fuel cell behavior. Mechanisms of interfacial charge transfer at semiconducting and oxidized metal interfaces have been subject to a wide variety of studies and are discussed in books by Bard and Faulkner, 1 Bockris and Kahn, 2 
and
Morrison. 3 However, relatively little data are available on the actual surface processes involved. Conventional electrochemical and photoelectrochemical methods can be employed to provide some mechanistic and thermodynamic information; however, it is highly desirable to be able to combine these methods with species specific probes, such as spectroscopy, so that competitive reactions involving multiple species may be deconvoluted. Utilization of a spectroscopic probe further allows the monitoring of nonelectroactive species which may play a role in the interfacial charge transfer process.
Charge transfer processes to solution species and the electrode dissolution processes that may occur in electrochemical and photoelectrochemical systems generate time-dependent species concentrations in the region of the electrode-electrolyte interface. Recently, these species gradients have been probed experimentally 4 -6 using the mirage effect [or photothermal deflection spectroscopy (PDS)].
In these experimental studies the displacement of the intensity centroid of a laser beam propagating parallel to the electrode-electrolyte interface is used to obtain spectroscopic or species concentration information. A theoretical model appropriate to the spectroscopic studies has been developed by Mandelis. 9 In addition to experiencing an intensity centroid displacement due to the near-electrode refractive-index gradient, the laser beam undergoes a shape change since light propagating close to the interface samples a higher spatial gradient than that propagating farther away from the interface. This paper examines the problem of laser beam propagation in electrochemical media with a refractive-index gradient due to inhomogeneous chemical species concentration distributions. Analytical solutions to the wave equation governing the electromagnetic field of the propagating light beam have been obtained for media having slow spatial variations of the index of refraction. These solutions are rigorously valid for laser beam propagation in a fluid electrolyte in contact with an electrode surface. The laser beam intensity centroid is assumed to be parallel and adjacent to the electrode surface which is kept at a constant concentration of an electrochemical species at all times after initiation of the reaction, while electrolyte diffusion processes generate a concentration gradient in the fluid.
II. Diffusion Problem: Refractive-Index Profile
The system geometry is shown in Fig. 1 . For an isothermal electrochemical system which contains a semi-infinite electrode in contact with a fluid electrolyte, the concentration profile of a chemical species produced at the interface is given by' 0 C(x,t) = Co erfc (i.-) (1) for the geometry of Fig. 1 , where C 0 is the concentration of the product chemical species on the electrode surface and is assumed constant at all times, and D is the diffusion coefficient (cm 2 -sec-1) of the particular chemical species in the electrolyte. The concentration profile C(x,t) described in Eq. (1) induces a refractive-index gradient in the electrolyte, which, for small departures from uniformity, can be expressed in terms of a Taylor series expansion around the value of the refractive index no of the electrolyte when C = 0:
where only first-order terms were kept, since The general solution to Maxwell's equations for the electric and magnetic fields propagating along a laser beam axis can be simplified considerably without loss of generality by considering a polarized beam which has no electric field component in the y direction or mag- netic field component in the x direction with the coordinates as specified in Fig. 1 (3) where the magnetic permeability ,u of the medium was taken to be that of a vacuum, = to = 4r X 10-7 H/m, and the dielectric constant e(F/m) is related to the inhomogeneous refractive-index profile via
If the rapid oscillatory temporal variation of ex for optical frequencies is separated out in the form 
Equation (6) can be further simplified, provided the variation of e(x,t) with t is very small for times of the order of w-1, i.e.,
<<1. e(t)
Condition (7) is easily met in the case of slowly changing concentration gradients of an electrochemical system so that Eq. (6) becomes
where n(x,t) is given by Eq. (2) (12) where only terms up to O(A 2 ) were retained.
Equation (12) can be solved explicitly for a wave propagating in the z direction, using the substitution
Ex(x,y,z;t) = G(xy,z;t) exp(-ikonoz) (13) and assuming that the longitudinal variation of G is slow enough,1 5 so that
Expressing G in the general form16
substituting Eqs. (13)- (15) into Eq. (12), and equating equal powers of x and y, it can be shown that the parameters Q, Qy, Sx, Sy, and P are governed by the following set of equations1 6 :
In Eqs. (16) the following parameters were defined:
In Eqs. (15) and (16) the functions Q(z,t) and Q(zt) represent the complex laser beam parameters which govern the size of the beam and the curvature of the phase fronts. The functions S (z,t) and Sy (z,t) are the complex displacement parameters which determine the location of the beam. The function P(z,t) is the complex phase parameter which governs the amplitude and phase of the beam. It is also convenient to make the following parameter definitions:
6a)
The set of Eqs. (16) 
To solve Eq. (16d), the transformation (20) (21) (22) (23) (24) reduces Eq. (16d) to an equation for S'(z,t) which is identical to Eq. (16c).1 6 Solving this equation and using Eq. (24) give
Finally, to solve Eq. (16e), the transformation
can be used to obtain the equation
)Uj Solving Eq. (27) and substituting the solution in Eq. (26), along with the solutions for Sx (z,t) and Qx (z,t), Eqs. (24) and (20), respectively, give the following ra) equation for P(z,t), the complex phase parameter
IV. Beam Parameter Evolution in Terms of the Solutions of the Beam Equations
Recognizing that the functions Q, Qy, Sx, Sy, and P can be complex, so as to give information about the experimentally measurable laser beam parameters, we can use the following definitions1 6 :
with similar definitions for yp and 
Complex beam radii q can now be introduced in the x and y coordinates independently:
where Wx (z,t) and Wy (z) are the spot sizes in the x and y directions, respectively, with the coordinates shown in Fig. 1 , and RX (z,t) and Ry(z) are the radii of curvature of the spherical phase fronts. Using Eqs. (19) and (20) in (30a) and (30b), it can be shown that
In Eqs. (31) and (32) Wox, Woy are the spot sizes at the beam waist (z = 0), and zox, zoy are the magnitudes of the complex beam radii, qox and qoy, assumed to be purely imaginary 15 :
Inserting Eqs. (29a)-(29e) into Eq. (15) and separating the real and imaginary parts yield
where' 6
2 )Rx(z,t) cosh+V'z J where sox and g are defined by
where soy is defined by
Similarly,
(47) 
In the limit of m << 1, Eqs. (56a) and (56b) become
The amplitude and phase of the electromagnetic field can now be computed explicitly from Eqs. (13) and (34), using the parameter functions in the limit m (t) << 1:
Imposing the boundary conditions on the amplitude distribution centroids, Rx(z,t)
Finally, the laser beam intensity is given by' 9
where 7q(Q) is the wave impedance of the fluid electrolyte medium. Equation (64) can be written in terms of the incident beam intensity Io at z = 0:
Wx2(z,t) + W 2 )
refractive-index field n(x,t) which decreases with in- 
which is identical to Eq. (60a) which was obtained using a wave-optics model. The beam deflection can be obtained from xa (z,t) upon differentiating
Equation (71) 
Equation (66) can be written in terms of the components of the refractive index:
where
Equations (66) which is the paraxial ray equation of ray optics for a
In the geometry of Fig. 1 , O(z,t) < 0 indicates that for an incident laser beam which is initially parallel to the electrode plane, the subsequent deflection will be toward the surface of the electrode, i.e., in the direction of the refractive-index gradient Van. In the wave-optics picture, Eq. (72) indicates the deflection of the beam intensity centroid. 
Equations (77) and (78) can be seen to reduce to Eqs. (60a) and (72) in the special case x2 < 4Dt. beam centroid at early times, before the minima at t = Tdo are reached. The experimental spot shape tends to occupy a larger spatial extent along the x axis toward the direction of the electrode surface than away from it. This early time behavior can be qualitatively understood within the framework of the present theory as follows: For times t << rdo the refractive-index gradient along the x axis is given from Eq. (2):
VII. Discussion-Results

Figures
exp (-ijFJ which shows that the gradient is very steep close to the electrode surface, decreasing very rapidly with distance into the electrolyte. The higher value of an/ax closer to the surface would tend to enhance the mirage effect in that region. This is expected to result in a more pronounced bending of the part of the beam below the intensity centroid (i.e., closer to the surface) than that above the centroid (i.e., away from the surface), in agreement with our preliminary experimental observations. For times t >> do, the approximation
is valid. This results in an essentially spatially constant refractive-index gradient, an ax throughout the body of the electrolyte. In this limit, all parts of the laser beam are expected to bend by the same amount, and the intensity profile will be symmetric about the centroid. The wave-optic theory presented in Secs. III and IV is strictly valid for times t > Td in Eq. (10) . Under this condition, the solution to Maxwell's equations, Eq. (65), shows that the spot shape of the laser beam emerging from the electrodeelectrolyte region is an elliptic Gaussian with timedependent major axis length. The greatest effect of the inhomogeneous refractive-index profile on the spot shape is expected to occur at relatively early times so that the factor (mz 2 /2) within the parentheses in Eq.
(60a) will be comparable to unity. Figure 4 shows the spot shape defined by the intensity boundaries corresponding to /e 2 of the incident light intensity, i.e., by the ellipse
with the beam waist centered at (xo,yo). At the entrance to the electrode-electrolyte system (detector position z* = 0) was placed the beam waist. Therefore, the spot shape remains circular Gaussian at all times as shown by the upper curve of Fig. 4 . At a point z * = 1 cm the beam intensity profile has shifted to a position centered -1.9 mm below that at the beam waist in the direction of the electrode surface. The spot shape exhibits a slight elliptic character with an increased major axis along the x direction. This is shown by the lower curve of Fig. 4 . A concentric circle has also been drawn to emphasize the extent of the elliptic character of the spot shape at t = 5 sec. Equations (81) and (83) constitute a simple system of two equations with two unknown parameters, A and D, which can be uniquely solved from spot shape and intensity centroid position data in the experimentally convenient configuration using a fixed beam position detector (e.g., a United Detector Technology model UDT SC/25) 5 and a fixed intensity profile detector (e.g., a self-scanning Reticon RA-32x32A photodiode array). 2 2 The intensity profile of Eq. (65) exhibits a pre-exponential factor which is time-dependent and increases slightly with increasing t. A numerical evaluation of The theory presented in this work demonstrates the importance of transverse photothermal deflection spectroscopy for the study of electrochemical processes, such as electrode reaction kinetics, and for the measurement of electrochemical and photoelectrochemical parameters, such as D, A, and Van. Rossi et al. 20 have used diffractive spectroelectrochemistry to study spatial distribution profiles of electrogenerated chromophores at a thin electrode-electrolyte interface. The intensity distribution of a 5-mW He-Ne laser beam diffracted off the platinum electrode adge was recorded in the Fraunhofer region using a photomultiplier tube and was further numerically Fourier transformed to give spatial information about the beam intensity profile at the electrode. Thus these authors were able to construct numerical absorbance vs time profiles corresponding to particular diffraction angles on the photomultiplier aperture plane (screen). A constant refractive index for the electrolyte fluid medium was assumed for the theoretical analysis, and little or no effect of possible spatial variations of the refractive index in their experimental system was claimed. Nevertheless, the experimental data at small angles on the screen showed appreciable deviation from the numerical results of the Gaussian beam for their system. The major axis of an elliptical intensity profile, extending farther out from the beam centroid than the radius of the circular profile at the beam waist, Fig. 5 , should be expected to contribute more to smaller angles of its Fourier transform on the screen because of the inverse relationship between the spatial Fourier components of the intensities at the electrode and the photomultiplier planes. It is, therefore, possible that a numerical Fourier transform of an elliptic Gaussian intensity profile would weight the small angle, low frequency Fourier components more heavily than the theory by Rossi et al. and could diminish, or even account for, the discrepancy among numerical, theoretical, and experimental results at small angles. This discrepancy appears most pronounced at early observation times (<1.0 sec), at which a propagating Gaussian mode is most likely to exhibit strong elliptic character according to results of this work (Figs.
4-6).
Vill. Conclusions
In this work a general wave-optic formalism was developed for treating the propagation of a Gaussian laser beam in an optically inhomogeneous fluid electrolyte with a refractive-index gradient due to a chemical species diffusion from the electrode-electrolyte interface. The theory was shown to be rigorously applicable for times that are long compared with the electrochemical species diffusion time. A ray-optic theory was also developed using a mathematical perturbation technique to describe the beam intensity centroid and deflection at all times of experimental interest. The wave-optic theoretical predictions of the spot shape are consistent with a new interpretation of observed discrepancies between experimental and theoretical diffractive spectroelectrochemical data reported by Rossi et al. 20 
